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PLANETARY MAGNETISM 
D. J .  S tevenson  
Phys ics  Depar tment ,  Corne l1  Un ivers i ty  
I thaca ,  New York 14850 
ABSTRACT 
Magnet ic  f ie lds  a re  ub iqu i tous  in  the  Un iverse  
because  o f  the  absence  (or  ra r i ty )  of  f ree  magnet ic  
monopo les .  However, the  la rge  sca le  concent ra t ion  of 
magnet ic  f lux  in  an essent ia l l y  non- fe r romagnet ic  body 
such as  the  Ear th ,  requ i res  a non-cosmogon ica l  exp lana-  
t ion .  A regenerat ive  process  must ex is t  because  the  mag- 
net i c  d i f fus ion  t ime in  the  Ear th  i s  much less  than  
the  age of  the  Ear th .  The most popu lar  exp lanat ion  i s  
the  dynamo model  in  wh ich  convect iona l  o r  p recess iona l  
f lu id  mot ions  in  the  core  induce  and sus ta in  a magnet ic  
f ie ld .  Other  mechanisms are  poss ib le  In  wh ich ,  fo r  
example ,  thermoe lect r i c  e f fec ts  a re  impor tant .  The 
advent  of  p lanetary  probes  has  led  to  a dramat ic  
inc rease  in  in fo rmat ion  on the  magnet ic  f ie lds  of  the  
f i ve  innermost  p lanets .  In  par t i cu la r ,  the  recent  f l y -  
bys  of  Jup i te r  (by P ioneer  10) and Mercury (by Mar iner  
10) have y ie lded  unexpected  resu l t s .  These observat ions  
a re  d i scussed  and shown to  be reconc i lab le  w i th  present  
theor ies  o f  p lanetary  magnet i sm and so la r  sys tem chem- 
i s t ry .  Some pred ic t ions  a re  made fo r  Saturn ,  Uranus 
and Neptune.  
INTRODUCTION 
One hundred years  from now, the  present  decade  w i l l  
be looked  upon as the  beg inn ing  of  an exc i t ing  new era  
in  wh ich  Man f i r s t  began to  exp lore  the  env i ronment  o f  
o ther  p lanets  in  the  so la r  sys tem.  Apar t  from the  pure  
sc ient i f i c  knowledge that  th i s  exp lo ra t ion  y ie lds ,  there  
i s  hope that  the  unders tand ing  of  our  own env i ronment  
w i l l  a l so  be enhanced.  One aspect  of  our  env i ronment  
that  i s  as yet  incomplete ly  unders tood ,  i s  the  geomag- 
net i c  f ie ld .  In  the  past ,  theor ies  of  the  geomagnet ic  
f ie ld  cou ld  be app l ied  to  on ly  one body.  Now, i t  i s  
poss ib le  to  tes t  these  theor ies  on o ther  bod ies  in  the  
so la r  sys tem.  
The magnet ic  f ie ld  o f  a p lanet  i s  one o f  the  few 
p lanetary  proper t ies  that  i s  externa l ly  measurab le  
yet  g ives  us in fo rmat ion  on the  in ter io r  o f  the  p lanet .  
I f  i t  l s  poss ib le  to  deduce  the  in ter io r  compos i t ion  o f  
p lanets ,  then  our  knowledge of  the  chemis t ry  o f  the  so la r  
sys tem wi l l  be thereby  enhanced.  S ince  theor ies  of 
p lanetary  magnet i sm are  s t rong ly  dependent  o  the  
assumed in terna l  const i tu t ion ,  i t  shou ld  be poss ib le  to  
cor re la te  mode ls  of  p lanetary  in ter io rs  w i th  observed  
in terna l  magnet ic  f ie lds .  Such a cor re la t ion  i s  
attempted here. We first discuss the existence of 
primordial fields and the need for regeneration. In 
subsequent sections, the various methods of regener- 
ation are discussed, and their relevance for each 
planet considered. 
PRIMORDIAL FIELDS 
A turbu lent  e ra  soon a f te r  the  Big Bang cou ld  
generate  a magnet ic  f ie ld  that  reached energy  equ l -  
par t i t ion  w i th  the  k inet i c  energy  o f  smal l  sca le  mo- 
t ions .  1 Th is  f ie ld  pers i s ts  because  of  the  abundance 
o f  f ree  e lec t r i c  charges  and the  apparent  absence  of 
f ree  magnet ic  monopo les .  I t  cou ld  account  fo r  a lmost  
a l l  the  magnet ic  f ie ld  energy  in  the  Un iverse .  Subse-  
quent  g rav i ta t iona l  cont rac t ion  of  a hot  gas  that  can 
t rap  the  f ie ld  l ines ,  leads  to  la rge  loca l i zed  concen-  
t ra t ions  of  magnet ic  f le ld .  For example ,  the  cont rac -  
t ion  from an in ters te l la r  medium In  wh ich  the  f ie ld  i s  
10 -5  gauss  ( the  present  f ie ld  of our  ga laxy) ,  would g ive  
as la rge  as 106 gauss  in  a body f ie lds  l i ke  Jup i te r .  
Indeed,  Hoyle  z invoked  a la rge  magnet ic  f ie ld  In  the  pr i -  
mord ia l  so la r  nebu la ,  to  exp la in  the  d i s t r ibut ion  of  
angu lar  momentum in  the  so la r  sys tem.  
The reason  that  such in i t ia l  f i e lds  might  not  
pers i s t  I s  to  be found in  Ohm's law and Maxwel l ' s  
equat ions  which  together  g ive  
'= L~t - x 
C 
where H is the magnetic field and ~(~) the velocity 
of a medium of electrical conductivity ~. (Displace- 
ment cur rents  a re  neg lec ted) .  Cons ider  a reg ion  w i th  
l inear  d imens ions  of  o rder  L, sur rounded by an Insu la -  
to r  (e .g .  vacuum).  I f  V = 0 then  equat ion  (1) g ives  
H 4~q H 
• - -  (2 )  - -  N 
L 2 2 T 
C 
where the  f ie ld  i s  assumed to  change on a t ime sca le  of 
o rder  7 and a d i s tance  sca le  of  o rder  L. Thus, 
4~L  2 
7 N 2 (3) 
C 
Unless  the  te rm invo lv ing  ~ in  equat ion  (1) i s  s ign i f i -  
cant ,  7 i s  a measure  o f  the  decay  t ime of  an in i t ia l  
f i e ld .  F lu id  f low i s  impor tant  i f  
G V_[T~ I (4) 
m 
where V i s  a typ ica l  magn i tude  o f  ~(~) and G i s  known 
m 
as the  magnet ic  Reyno ld ' s  number.  
The va lue  of  ~ i s  typ ica l ly  on ly  a f rac t ion  of  a 
second fo r  a laboratory  s i zed  ob jec t  but  i t  can by very  
la rge  fo r  an as t ronomica l  body.  For  the  Sun, 3 7 i s  about  
2 x 109 years .  A s imi la r  va lue  has  been es t imated  fo r  
the  meta l l i c  core  of  Jup i te r .  4 I t  i s  poss ib le  that  the  
present  magnet ic  f ie lds  of the  Sun and Jup i te r  a re  
remnants  of  once la rge  pr imord ia l  f i e lds .  In  cont ras t ,5  
the  Ear th  has  a decay  t ime T o f  about  103 or  104 years .  
S imi la r  decay  t imes  app ly  to  the  o ther  te r res t r ia l  
p lanets .  The Ear th ' s  magnet ic  f ie ld  i s  consequent ly  not  
p r imord ia l ,  ne i ther  can i t  be exp la ined  by fe r romagne-  
t i sm.  6 A regenerat ive  process  must ex is t .  
FIELD GENERATION 
The most popu lar  theory  o f  f ie ld  generat ion  fo r  
p lanets  i s  the  dynamo mechanism. Before  d i scuss ing  that ,  
we sha l l  cons ider  some of the  o ther  theor ies  o r  exp lan-  
a t ions  that  have been proposed .  
As we have a l ready  ment ioned ,  fe r romagnet i sm does  
not  exp la in  the  Ear th ' s  d ipo le  f ie ld .  I t  cou ld ,  however ,  
be respons ib le  fo r  the  much smal le r  f ie lds  o f  Mars and 
MercUry. Such p lanets  might  have had pr imord ia l  
dynamos when they  were hot ter ,  and then  coo led  o f f ,  
l eav ing  beh ind  a permanent  magnet ic  t race  o f  the i r  ear ly  
h i s to ry .  7 
In  cont ras t ,  we l l  known so l id -s ta te  e f fec ts  such  as 
thermoe leet r i c t ty  and thermomagnet tsm o f fe r  ways o f  
t rans forming  thermal  energy  in to  magnet ic  f ie ld  energy .  
As we have d i scussed  e l sewhere ,  8 thermomagnet lc  e f fec ts  
a re  un impor tant  un less  the  e lec t ron  mean f ree  path  
great ly  exceeds  the  in ter -a tomic  spac ing  In  the  in ter io r  
o f  a p lanet .  None of  the  p lanets  i s  co ld  enough fo r  th i s  
c r i te r ion  to  be adequate ly  sa t i s f ied  a t  p resent .  However 
there  i s  no s imi la r  const ra in t  on theor ies  invo lv ing  
thermoe lect r i c  e f fec ts .  
In  1939, E l sasser  9 proposed  that  the  Ear th ' s  magnet ic  
f ie ld  cou ld  be mainta ined  by e lec t r i c  cur rents  d r iven  
by a thermoe lect r i c  e .m. f .  In  E l sasser ' s  vers ion ,  the  
thermoeoup le  i s  obta ined  by assuming  that  the  warm 
upward and co ld  downward s t reams of  convect tng  f lu id  in  
the  core  have s l ight ly  d i f fe rent  compos i t ions .  In  a 
la ter  vers ion  by Runcorn,  10 the  e .m. f ,  i s  a t  the  core -  
mant le  boundary .  In  both  cases ,  Ing l l s  11 found that  to  
p roduce  an e lec t r i c  cur rent  adequate  to  exp la in  the  
Ear th ' s  magnet ic  moment, the  convect ion  cur rents  requ i red  
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would t ranspor t  more heat  than  the  observed  geothermal  
heat  f lux .  For  th i s  reason ,  the  theory  i s  not  favored .  
Recent ly ,  8 a more success fu l  app l i ca t ion  of  
E l sasser ' s  idea  has  been  made to  Jup i te r .  Jup i te r  
sa t i s f ies  two of  the  c r i te r ia  that  a re  necessary  fo r  
la rge  thermoe lect r i c  cur rents .  One is  a la rge  in terna l  
heat  f lux ,  recent ly  conf i rmed by P ioneer  10.12 The 
o ther  i s  rap id  ro ta t ion .  Th is  i s  requ i red  to  ensure  a 
pre ferent ia l  a l ignment  of the  f lu id  f lows  and cur rent  
loops ,  wh ich  in  tu rn  ensures  a net  magnet ic  d ipo le  
moment. 
The thermoe lect r i c  cur rent  depends on the  product  o f  
the  e lec t r i ca l  conduct iv i ty  and the  re la t ive  thermopower .  
The thermoeoup le  in  Jup i te r  cou ld  be between he l ium-r i ch  
and he l ium-poor  meta l l i c  hydrogen f lu id  reg ions  ( in  which  
case ,  the  conduct iv i ty  i s  la rge  and the  thermopower  
smal l )  or  between meta l l i c  and molecu la r  hydrogen (smal l  
conduct iv i ty  but  la rge  thermopower ) .  We favor  the . fo rmer  
because  of  the  very  low e lec t r i ca l  conduct iv i ty  that  
mo lecu la r  hydrogen i s  expected  to  have .  (However, recent  
ca lcu la t ions  by th i s  author  ind icate  that  mo lecu la r  
hydrogen may even be a semi -meta l  a t  p ressures  jus t  
be low the  f i r s t  o rder  phase  t rans i t ion  to  meta l l i c  
hydrogen.  Th is  might  favor  a thermoe lect r i c  mechan ism. )  
With our  p resent  incomplete  knowledge of  the  in ter io r  of  
Jup i te r ,  a deta i led  model would be premature .  
Amongst o ther  ideas  that  have been proposed  to  ex -  
p la in  p lanetary  magnet i sm are :  gyromagnet ic  e f fec ts ,  
ro ta t ing  e lec t r i c  charge ,  induct ion  by magnet ic  s to rms,  
Ha l l  cur rents ,  the  compress ion  e f fec t  ( the  d i f fe rent ia l  
mot ion  of  e lec t rons  and ions  in  a grav i ta t iona l  f ie ld ) ,  
and new phys ica l  l aws .  These have a l l  been  d i scussed  
e l sewhere .  8 The Ha l l  e f fec t  i s  the  on ly  mechanism 
l i s ted  above that  seems promis ing .  
The mechanisms we have  d i scussed  so  fa r  share  one 
feature :  they  a l l  invo lve  smal l  per turbat ions  on the  
dominant  dynamic  processes  w i th in  a p lanet .  Such 
mechanisms were wor th  cons ider ing  on ly  because  the  
magnet ic  f ie ld  energy  in  the  Ear th  ( fo r  example)  i s  
much less  than  the  thermal  energy ,  or  even the  t ida l  
energy  that  has  been  d iss ipated  in  a b l l i on  years .  I t  
seems that  we shou ld  cons ider  a more d i rec t  coup l ing  be-  
tween the  magnet ic  f ie ld  and the  dynamic processes  w i th in  
a p lanet .  Th is  i s  the  aim of  the  dynamo mechanism. 
The ex is tence  of  a homogeneous,  p lanetary  dynamo 
can be mathemat ica l ly  determined  as fo l lows :  i s  there  a 
ve loc i ty  f ie ld  v ( r )  that  i s  a so lu t ion  to  the  magneto -  
hydrodynamic  Nav ier -S tokes  equat ion  and to  equat ion  (1) ,  
such that  the  magnet ic  f ie ld  does  not  decay  w i th  t ime?  
These are  const ra in ts  on both  the  geometry  of  the  ve lo -  
c i ty  f ie ld  and on the  magn i tude  o f  a typ ica l  ve loc i ty .  
We have a l ready  seen  (equat ion  (4) )  that  f lu id  f low 
i s  impor tant  i f  the  magnet ic  Reyno ld ' s  number exceeds  
un i ty .  I f  the  f lu id  f low i s  rap id  enough,  then  the  f ie ld  
does  not  have  t ime to  d i f fuse  out  of  the  f lu id  and i s  
" f rozen  in"  to  the  conductor .  Th is  i s  essent ia l  to  a l l  
dynamo theor ies .  Th is  lower  l im i t  on the  ve loc i ty  i s  
impor tant  s ince  i t  l im i ts  dynamo act ion  to  a conduct ing  
f lu id .  Note,  however ,  that  the  conduct iv i ty  and f lu id  
ve loc i t ies  requ i red  epend on the  s i ze  of the  p lanet .  
A very  la rge  p lanet  does  not  requ i re  a la rge  conduct iv i ty .  
Cowl ing 13 cons idered  the  geometr i c  const ra in ts  o  
the  ve loc i ty  f ie ld  and showed that  a dynamo can not  
ex i s t  i f  the  f lu id  f low i s  ax i symmetr i c .  For th i s  
reason  i t  i s  d i f f i cu l t  to  const ruct  a dynamo in  a 
non- ro ta t ing  p lanet .  Fur thermore ,  dynamo models  inev i -  
tab ly  invo lve  la rge  to ro ida l ,  as we l l  as po lo ida l ,  f i e lds .  
In  add i t ion  to  th i s  qua l i ta t ive  const ra in t  on the  
geometry  o f  the  ve loc i ty  f ie ld ,  there  i s  a quant i ta t ive  
const ra in t  that  expresses  the  requ i rement  that  the  d i s -  
s ipat ion  of  e lec t r i c  cur rents  be matched by product ion .  
In  a laboratory  dynamo, th i s  requ i rement  i s  met by 
a t ta in ing  a cer ta in  angu lar  ve loc i ty .14  The cor respond~ 
ing  c r i te r ion  fo r  a p lanetary  dynamo i s  s imi la r  but  not  
as s imp le .  I t  shou ld  be emphas ized  that  th i s  requ i rement  
i s  a k inemat ic  one,  and not  jus t  a quest ion  o f  whether  
su f f i c ient  energy  i s  ava i lab le  to  run the  dynamo. 
The ex is tence  o f  many su i tab le  ve loc i ty  f ie lds  fo r  
dynamo act ion  i s  now we l l  es tab l i shed ,  15 a l though no 
genera l  ex i s tence  proo fs  have been der ived .  We must 
now cons ider  what mechanisms are  ava i lab le  to  sus ta in  
a su i tab le  ve loc i ty  f ie ld .  Two are  cons idered  here :  
cyc lon ic  convect ion  and precess ion .  
Thermal  convect ion  in  a ro ta t ing  p lanet  leads  to  
d i f fe rent ia l  ro ta t ion  o f  the  f lu id  (cyc lon ic  convec-  
t ion) ,  and the  resu l t ing  non-ax isymmetr i c  f low may sus -  
ta in  a dynamo. Parker  16 has  ana lyzed  th i s  in  deta i l  nd 
f inds  that  dynamo modes do ex is t  p rov ided  the  quant i ty  
WT exceeds  some cr i t i ca l  va lue .  (Here,  W i s  the  angu lar  
ve loc i ty  o f  the  p lanet  and T i s  de f ined  by equat ion  (3 ) ) .  
The c r i t i ca l  va lue  o f  ~ depends  on the  deta i l s  o f  the  
f low pat tern  and the  heat  f lux  t ranspor ted .  I f ,  as Levy 
has suggested ,  17 the  Ear th  on ly  marg ina l ly  sa t i s f ies  th i s  
requ i rement ,  the  c r i t i ca l  va lue  i s  ~T N 106 or  107. 
So fa r ,  we have d i scussed  on ly  the  k inemat ics  o f  the  
dynamo. Th is  d i scuss ion  has  been independent  o f  the  
magn i tude  of  the  generated  f ie ld .  The magn i tude  i s  
determined  by the  ava i lab le  energy  source .  For  thermal  
convect ion ,  the  energy  source  i s  the  heat  f lux  emanat ing  
from the  deep in ter io r  o f  the  p lanet .  Th is  heat  f lux  
dr ives  a heat  eng ine  that  ma inta ins  the  f lu id  low.  The 
inherent  ine f f i c iency  o f  such  an eng ine  ensures  that  
the  Ohmic d i ss ipat ion  of  the  dynamo i s  much less  than  
the  heat  flux. 
We now cons ider  the  precess iona l  model  p roposed  by 
Malkus.  18 In  the  f rame of  re fe rence  in  wh ich  a ro ta t ing ,  
p recess ing  p lanet  i s  a t  res t ,  there  i s ,  in  add i t ion  to  the  
usua l  Cor io l i s  fo rce ,  a Po incare  fo rce  per  un i t  mass 
= (Zx~)x~ (~) 
P 
where ~ is ~he angular velocity vector, ~ the precession 
vector and r a radius vector. The precession rate 
depends on the dynamic ellipticity of the body and con- 
sequently on the density of the body. If the planet 
has a density discontinuity in the interior, then the 
material on either side of the discontinuity tends to 
precess at different rates. The resulting fluid flow 
may be adequate  to  ma inta in  a dynamo. 
For fu l l y  magnetoturbu lent  f low in  the  core ,  Malkus 
found that  the  cond i t ion  fo r  f ie ld  regenerat ion  i s  
K ~ (~T sin i)/2 > 1 (6) 
where A is the fractional density dlseonti~uity ~ N ¼ 
for the Earth) and i is the angle between ~ and W- 
This criterion is analogous to the condition on WT that 
we discussed for the convectional dynamo. If this cri- 
terion is satisfied then an estimate for the poloidal 
field is 
H ~ (2K~0c2/G) ½ gauss  (7) 
P 
where p i s  the  dens i ty  in  g/cm 3, and ~ the  e lec t r i ca l  
conduct iv i ty  in  esu(see-1) .  App l i ca t ions  f  these  
fo rmulae  are  made in  the  next  sect ion .  
THE PLANETS 
In the following discussion, some of the numerical 
8 details are omitted since they have appeared elsewhere. 
Mercury: The high mean density of Mercury (5.4 g/cm 3) 
indicates a dense iron-rich core that occupies about 50% 
of the total volume. Even in the unlikely event that 
part of this core is still fluid, the smallness of the 
planet and its slow rotation do not favor a convectional 
dynamo. A precessional dynamo is even less likely because 
of the almost complete absence of precesslon. 19 Neverthe- 
less, the recent fly-by of Mercury by Mariner i0 indi- 
cates a substantial magnetosphere. 20 The magnetic field 
could be intrinsic to the planet (in which case, it 
corresponds to a surface field of typically 0.02 gauss); 
or it could be induced by temporal or spatial variability 
in the local interplanetary field. If the field is in- 
trinsic, then the most likely explanation is a ferro- 
magnetic remnant of a primordial dynamo that existed 
when the planet was rotating faster and had a fluid core. 
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(A ro ta t ion  ra te  comparable  to  the  present  Ear th  would 
be adequate . )  Such a pr imord ia l  s ta te  i s  not  in  conf l i c t  
w i th  our  p resent  unders tand ing  of  the  fo rmat ion  of  the  
so la r  system.  Indeed,  the  sur face  morphology ind icates  
anc ient  lava  f lood ing  and vo lcan ism.  
Venus: The impor tant  d i f fe rence  between the  Ear th  and 
i t s  s i s te r  p lanet  i s  that  the  angu lar  ve loc i ty  of  Venus 
i s  over  two orders  of  magni tude smal le r .  S ince Venus 
does not  undergo s ign i f i cant  p recess ion ,  the  dynamo 
mechanisms that  we d iscussed  do not  work. I t  i s  not  
surpr i s ing  that  Mar iner  10 and o ther  p lanetary  probes  
have detected  no magnetosphere .  (An upper  bound to  the  
sur face  f ie ld  of  Venus i s  10- gauss . )  S ince Venus i s  
the  nearest  th ing  we have to  a non- ro ta t ing  p lanet  in  our  
so la r  system,  i t  i s  appropr ia te  to  ment ion  that  there  i s  
but  one theory  of  p lanetary  magnet ism regenerat ion  that  
requ i res  no ro ta t ion :  Hal l  cur rents .  
Ear th :  The geomagnet ic  f ie ld  has been extens ive ly  s tud-  
led and i s  most eas i ly  exp la ined  by the  dynamo mechanism. 
Such features  as the secular variation and p~ehis~or!~ 
reversals have been qualitatively explained by the 
dynamo model, although the reversals are not fully 
understood. More controversal is the energy source 
for the dynamo. The O~ic  dissipation of the Earth's 
dynamo is about 4 x i0 7 erg/sec.8 If we suppose that 
cyclonic convection drives the dynamo then the geo- 
thermal heat flux of 3 x 1020 erg/sec would seem to 
be adequate. However, most of this heat is generated 
by radioactivity in the Earth's crust and is not 
available in the core. Furthermore, a convective en~ 
gine is at most 4% efficient in transforming heat 
flux, through fluid motion, into Ohmic dissipation. 
It follows that unless more than about 5% of the Earth's 
heat flux originates from the core, a convective 
engine cannot run the Earth's dynamo. It has been 
suggested that the required heat flux could be sup- 
plied by radioactive G0K in the core 21 or the release 
of latent heat as the inner solid core grows. 22 
The precession model has no similar problem. 
Malkus 18 finds that the critical parameter K exceeds 
unity and that the dipole field (from equation (7)) 
is about 7 gauss, roughly the value expected in the 
Earth's core. The precessional model seems to be 
very satisfactory for the Earth. 
Mars: The rotation and precession of Mars are compar- 
able to the Earth's. However, Mars is a much smaller 
planet and only a small fraction of it (if any) is 
fluid. 23 If the conditions on Earth are kinematically 
marginal for a convectional dynamo then they are cer- 
tainly unfavorable for Mars. The precessional model 
is also in difficulty unless the conductivity in the 
deep interior of Mars is much greater than for the 
Earth. Our present understanding of solar system 
chemistry would not support that. It is not sur- 
prising ~hat the observed magnetic field of Mars is 
only I0 -" gauss. This could be a ferromagnetic 
remaant of a primordial field or primordial dynamo. 
Jupiter: The largest planet in our solar system also 
has the greatest range of possible explanations 
for its observed intrinsic field. 24 As we have already 
mentioned, the field could be primordial or a con- 
sequence of thermoelectric currents. It could also 
be easily driven by thermal convection because of the 
large heat flux 12 and rapid rotation. Indeed, there 
is enough energy within Jupiter to drive many smaller 
dynamos simultaneously. In this sense, Jupiter should 
be compared with the Sun rather than the Earth. 
However, there are not likely to be '~ovian spots" 
in analogy to Sun spots, since the outer layers of 
Jupiter are electrically insulating. The Jovian 
dynamo is expected to be confined to the highly 
conducting metallic hydrogen core. 
The massive satellites of Jupiter lie almost 
exactly in the equatorial plane, and produce no 
precessional torques. However, the Sun causes preces- 
sion that is sufficient to maintain a magnetic field. 8 
Thus, Jup i te r  may have both  precess iona l  and convec-  
t iona l  dynamos. 
Saturn: Recent models for the interior of Saturn 25 
indicate that Saturn is very similar to Jupiter. Not 
only is the deep interior expected to be metallic 
hydrogen, but the temperature is expected to exceed 
the melting point. Both precessional and convec- 
tional dynamos can be maintained without difficulty. 
Radio observations of Saturn indicate no synchrotron 
radiation, in contrast to Jupiter which is a strong 
radio source. However, the radiation belts may be at 
a very large radial distance from the planet, so as 
not to intersect with the rings. Luthey 26 has es- 
timated that Saturn could have an intrinsic field of 
even twenty gauss and yet produce synchrotron 
radiation that is unobservable at Earth. When Pioneer Ii 
passes Saturn in 1979, it is likely to find a sub- 
stantial intrinsic field. 
Uranus: Unlike Jupiter and Saturn, Uranus does not27 
seem to be endowed with a large internal heat flux. 
The satellites of Uranus lie in the equatorial plane 
and the precessional torque of the Sun is too small 
to drive a precessional dynamo. It seems unlikely 
that Uranus has a large magnetic field. 
Neptune: In contrast to Uranus, Neptune has a massive 
satellite Triton for which the angle between ~ and Q 
is about 160 °. If conducting fluid is present, 
Neptune is likely to have a precessional dynamo. 
Pluto: The outermost planet is almost certainly too 
small and too cold to have a dynamo. 
CONCLUSION 
We have found no conflict between the predictions 
of the dynamo theory and the observations of the 
planets. It is hoped that more detailed information 
on internal planetary fields in the future will lead 
to independent tests of interior models of planets. 
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